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Huntington’s disease (HD) is characterized by a progressive
loss of neurons in the striatum and cerebral cortex and is
caused by a CAG repeat expansion in the gene encoding
huntingtin. Mice with the mutation inserted into their own hun-
tingtin gene (knock-in mice) are, genetically, the best models of
the human disease. Here we show for the first time that
knock-in mice with 94 CAG repeats develop a robust and early
motor phenotype at 2 months of age, characterized by in-
creased rearing at night. This initial increase in repetitive move-
ments was followed by decreased locomotion at 4 and 6
months, despite a normal life span. The decrease in striatal
enkephalin mRNA that is known to occur at 4 months was not
present at 2 months, when increased rearing was observed.
Both the hyperactive and hypoactive phases of motor dysfunc-
tion preceded the detection of nuclear microaggregates of
mutated huntingtin in striatal neurons. Nuclear microaggre-

gates, defined as small huntingtin-positive punctas detected by
light microscopy, were very rare at 4 months but became widely
distributed in striatal neurons at 6 months. Nuclear inclusions
did not appear until 18 months. When present, nuclear micro-
aggregates predominated in the striosomal compartment of the
striatum, providing a possible explanation for the different neu-
ronal vulnerability of striatal compartments observed in hu-
mans. The early motor phenotype observed in the knock-in
mouse is reminiscent of repetitive movements often observed
in early HD and provides a novel opportunity to assess the
ability of therapies to prevent the initial effects of the mutation
in vivo.
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The mutation causing Huntington’s disease (HD) is a CAG
repeat expansion in the gene encoding huntingtin (The Hunting-
ton’s Disease Collaborative Research Group, 1993). Progress in
understanding this disease depends critically on the generation of
a wide range of mouse models because each model only partially
reproduces disease characteristics (Chesselet and Levine, 2000;
Menalled and Chesselet, 2001). In mice with an expanded CAG
repeat inserted within the normal gene (“knock-in” mice), the
mutation resides in the same genomic context as in patients
(White et al., 1997; Levine et al., 1999; Shelbourne et al., 1999;
Wheeler et al., 2000; Lin et al., 2001). Therefore, knock-in mice
should provide an ideal model for understanding the progressive
motor dysfunction and loss of striatal and cortical neurons char-
acteristic of HD (Vonsattel et al., 1985; Harper, 1996).

Knock-in mice, however, have been much less studied than
transgenics, primarily because they do not present any overt and
robust motor anomalies at an early age (Shelbourne et al., 1999;
Wheeler et al., 2000; Lin et al., 2001). Yet early cellular dysfunc-
tion exists in these mice, as indicated by molecular and electro-
physiological alterations (Levine et al., 1999; Usdin et al., 1999;
Menalled et al., 2000). A first goal of the present study was to
examine in greater detail the behavior of knock-in mice with 94
CAG repeats inserted into the mouse Hdh gene by homologous
recombination (Levine et al., 1999). We report biphasic motor
alterations in these mice, starting as early as 2 months of age, with
an increase in repetitive movements followed at 4 and 6 months
by decreased locomotion.

Because the progression of the disease is slow in HD knock-in
mice, they are ideal for establishing the temporal relationship
between various effects of the mutation. In particular, nuclear
aggregates of huntingtin are a pathological hallmark of the dis-
ease both in mice and in humans (Davies at al. 1997; DiFiglia et
al., 1997). Whether they are responsible for the anomalies caused
by the mutation is unclear. A causal relationship was originally
suggested because aggregates and abnormal behavior tended to
appear at the same time in many mouse models. Results in
postmortem human brain, as well as in some in vivo and in vitro
models of HD and other CAG repeat diseases, have begun to
challenge this hypothesis; however, the issue remains highly con-
troversial (Klement et al., 1998; Saudou et al., 1998; Gutekunst et
al., 1999; Kim et al., 1999; Kuemmerle et al., 1999).

A second goal of this study was to examine the regional and
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temporal distribution of huntingtin microaggregates in relation to
behavioral and molecular alterations occurring over time in the
same knock-in mice. The data show that nuclear aggregates can
only be detected several months after the onset of other pheno-
types in these mice, thus arguing against a primary role of protein
aggregates in the earliest manifestations of the mutation. When
they appear, the aggregates are more abundant in the striosomal
compartment of the striatum, indicating a striking regional selec-
tivity of the pathology in these knock-in mice.

MATERIALS AND METHODS
Animals
Animal care was in accordance with the United States Public Health
Service Guide for the Care and Use of Laboratory Animals, and procedures
were approved by the Institutional Animal Care and Use Committee at
University of California Los Angeles (UCLA). The knock-in mice
contained a chimeric mouse/human exon 1 with 94 CAG repeats inter-
rupted by a CGG triplet in position 42 and inserted into the mouse gene
by homologous targeting (Levine et al., 1999).

Knock-in mice homozygous for the 94 CAG repeat mutation were
backcrossed once with C57BL/6 mice, and their progeny were then
crossed to generate the homozygous and wild-type parents of the mice
used in this study. Most of the mice in the study were F1 from this cross,
and none were farther than F2. Homozygous and wild-type mice were
matched for gender. Experiments were performed in 2-, 4-, and 6-month-
old mice, and each group (n � 5–13) contained animals of both genders
from three to five litters.

Open field testing
Knock-in and wild-type mice were subjected to the same handling and
feeding schedules. Behavioral testing was performed from 6:30 until
10:30 P.M. (i.e., during the dark phase of the diurnal cycle) in the room
in which they were normally housed. All measurements were made
during the first 15 min after placement of the mice in a novel open field
under red light (25 W). The open field consisted of a clear Plexiglas box
(21 � 31 � 45 cm), with a floor divided into two rows of three squares
(15 � 16.5 cm) each, that was placed in the center of a fume hood to
avoid contamination (Lab Products Inc., Seaford, DE). Each mouse was
initially placed in the middle square of the back row. Quantitative
analysis was done simultaneously on three behaviors: the number of lines
crossed by all four limbs (locomotor activity), the number of rears (lifting
forelimbs off the ground and standing on hindlimbs regardless of occur-
rence on or off the walls), and the number of grooming episodes (licking,
scratching, or cleaning any body part). The open field box was cleaned
with Power-Cide Plus (Intercem Corporation, Anaheim, CA) before the
testing of each mouse. Each mouse was tested in the open field for 15 min
and filmed with an 8 mm Canon ES270 video camera (Canon Inc.,
Irvine, CA) for further quantification. Each 15 min of testing was
analyzed as three periods of 5 min intervals to study the influence of
novelty in the measured behavior. The animals were coded, and the
researcher was blind to the genotype of the mice during testing and later
during analysis of the tapes. Each mouse was tested only once in the
course of the study to avoid the confounding effects of habituation to the
open field.

Immunohistochemistry
For light microscopic studies, mice were perfused transcardially with 4%
paraformaldehyde and 0.5% glutaraldehyde in 0.1 M phosphate buffer
(PB), pH 7.2, except in the case of two mice (6-month-old knock-ins) that
were perfused with paraformaldehyde alone. The brains were removed,
postfixed in 4% paraformaldehyde in 0.1 M PB for 6–8 hr at 4°C,
cryoprotected in 30% sucrose, and cut into 35-�m-thick coronal sections
on a Leica CM 1800 cryostat (Deerfield, IL). Sections were processed for
immunostaining with EM48, an antibody that preferentially recognizes
aggregated huntingtin (Gutekunst et al., 1999). After washes in 0.01 M
PBS, the sections were treated with H2O2 (1%) in PBS containing 0.5%
of Triton X-100 for 20 min to block endogenous peroxidase activity.
Nonspecific sites were blocked by incubating the sections for 30 min at
room temperature in PBS containing 3% bovine serum albumin and 2%
normal goat serum (NGS). The sections were incubated with EM48
(1:300) in PBS containing 3% bovine serum albumin, 2% NGS, 0.08%
sodium azide, and 0.2% Triton X-100 (incubation buffer) for 24 hr at

room temperature. After rinses in PBS, the sections were incubated in
biotinylated goat anti-rabbit antibody (1:200) (Vector ABC Elite, Bur-
lingame, CA) in the incubation buffer for 2 hr at room temperature. After
several rinses in PBS, the sections were incubated for 2 hr in avidin–
biotin complex (Vector ABC Elite) in PBS containing 0.2% Triton
X-100. Immunoreactivity was visualized by incubation in 0.03% 3–3�-
diaminobenzidine tetrahydrochloride (Sigma, St. Louis, MO) and
0.0006% H2O2 in 0.05 M Tris buffer, pH 7.6. After rinses in cold Tris
buffer, the sections were dehydrated, defatted in xylene, and mounted
with Eukitt (Calibrated Instruments, Hawthorne, NY). Some sections
were counterstained with methyl green (Sigma) before mounting to
identify the cell nuclei.

Immunostaining with a polyclonal antiserum against �-opiate receptor
(MOR-1) (kindly donated by Dr. R. P. Elde, University of Minnesota,
Minneapolis, MN) was used to identify the striosomal compartment of
the striatum. Immunostaining was performed according to a protocol
from Harlan and Graybiel, slightly modified from Canales and Graybiel
(2000). Briefly, sections for MOR-1 immunostaining were washed with
0.01 M PBS containing 0.2% Triton X-100 (PBS-TX) and treated for 10
min with H2O2 (3%) in PBS-TX to block endogenous peroxidase. Non-
specific sites were blocked for 30 min at room temperature in PBS-TX
containing 5% NGS. The sections were incubated with MOR-1 at a
dilution of 1:50,000 in PBS containing 1% normal rat serum, 1% NGS,
0.1% sodium azide, and 1% Triton X-100 for 48 hr at room temperature.
After rinses in PBS-TX, the sections were incubated in biotinylated goat
anti-rabbit antibody (1:500) (Vector ABC Elite) in PBS-TX containing
1% NGS, for 1 hr at room temperature. After several rinses in PBS-TX,
the sections were incubated for 20 min in biotinyl tyramide (0.1% of
stock solution) (NEN Life Science Products, Boston, MA) in PBS-TX
containing H2O2 (0.005%). After several washes in PBS-TX, the sections
were incubated in avidin–biotin complex (Vector ABC Elite) in PBS-TX
containing 1% NGS for 1 hr. Immunoreactivity was visualized by incu-
bation in 0.02% 3–3�-diaminobenzidine tetrahydrochloride, 0.08% nickel
ammonium sulfate, and 0.0066% H2O2 in 0.1 M PB. All sections were
dehydrated, defatted in xylene, and mounted with Eukitt (Calibrated
Instruments).

For electronmicroscopic studies, immunogold labeling was performed
as described previously (Li et al., 1999, 2000). Briefly, mice were per-
fused transcardially with 4% paraformaldehyde and 0.2% glutaraldehyde
in 0.1 M PB, pH 7.2. The brains were removed, postfixed with 4%
paraformaldehyde in 0.1 M PB for 6–8 hr at 4°C, and then sectioned with
a vibratome. Brain sections were incubated with EM48 antibody in PBS
containing 4% NGS for 24–60 hr at 4°C and then with Fab fragments of
goat anti-rabbit secondary antibodies (1:50) conjugated to 1.4 nm gold
particles (Nanoprobes Inc., Stony Brook, NY) in PBS with 4% NGS
overnight at 4°C. After rinsing in PBS, sections were fixed again in 2%
glutaraldehyde in PB for 1 hr, silver intensified using the IntenSEM kit
(Amersham International, Buckinghamshire, UK), osmicated in 1%
OsO4 in PB, and stained overnight in 2% aqueous uranyl acetate.
Sections were dehydrated in ascending concentrations of ethanol and
propylene oxide/Eponate 12 (1:1) and embedded in Eponate 12 (Ted
Pella, Redding, CA). Ultrathin sections (60 nm) were cut with a Leica
Ultracut S ultramicrotome. Thin sections were counterstained with 5%
aqueous uranyl acetate for 5 min followed by Reynolds lead citrate for 5
min and examined with a Hitachi H-7500 electron microscope.

Data analysis
Sections processed for light microscopy were examined under bright-field
illumination with a Zeiss Axioskop microscope (Göttingen, Germany).
To analyze the distribution of groups of cells containing dense clusters of
microaggregates within the striosome-matrix organization of the stria-
tum, serially adjacent tissue sections (35 �m) were processed for EM48
and MOR-1, respectively, and were examined at low-power magnification
(6.3�) on an Olympus microscope (Tokyo, Japan) equipped with a
camera lucida. Two or three pairs of serially adjacent coronal sections
taken at the level of the striatum were analyzed in each mouse. A chart
of each section was drawn with the camera lucida. Morphological land-
marks such as the corpus callosum, ventricle, and blood vessels were used
to overlie each corresponding pair of charts. The clusters of cells in-
tensely labeled with EM48 were sketched onto the drawings of the
striosomes identified as areas of dense immunohistochemical staining for
the �-opioid receptor. By adjusting the intensity of the microscope light
and the illumination of the page, the investigator was prevented from
seeing the outlines of striosomes on the maps while sketching the clusters
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of intense labeling for EM48. Composite maps of each couple of sections
were drawn by two independent investigators to confirm the results.

The composite maps were digitized with a Hewlett-Packard ScanJet 4
(Roseville, CA), and the images were visualized and analyzed with a
Power Macintosh 9500 equipped with the public domain NIH program
version 1.6 (Bethesda, MD). The surface area of each cluster of cells with
intense EM48 immunostaining was measured and then added to calculate
the total surface area ( A) containing darkly labeled cells in each com-
posite. The surface area of the clusters that did not overlap with the
striosomes was also measured ( B). The surface area that colocalized with
the striosomes ( C) was calculated as the subtraction A � B � C. The
surface area of the striosomes (defined as areas of positive MOR-1
labeling) was measured and then added to obtain a total striosome area
( D) on each composite. Finally, the total area of the striatum was
measured ( S), and the extrastriosomal matrix area ( M) was obtained by
subtracting S � D � M. The ratio of cluster areas with intense EM48
immunostaining within the striosomes ( C) to the total area of clusters
with intense EM48 immunostaining ( A) was calculated by C/A. Values
obtained in two or three pairs of sections were averaged for each animal,
and the resulting numbers were used to calculate group means.

Filter trap assay
Cerebral hemisphere of knock-in (2, 7, and 11 month old) and wild-type
(4 month old) mice were homogenized and fractionated according to
Aronin et al., 1991. Briefly, 1 gm of tissue was homogenized with 0.25 M
sucrose, 15 mM Tris-HCl, pH 7.9, 60 mM KCl, 15 mM NaCl, 5 mM EDTA,
and 1 mM EGTA, and the homogenate was spun at 2000 � g for 10 min.
The pellet was resuspended and agitated in 10 mM HEPES, pH 7.9, 1.5
mM MgCl2 and 10 mM KCl for 10 min, and the extract was spun at 4000 �
g for 10 min. The pellet was then resuspended in 0.5 HEPES, pH 7.9, 0.75
mM MgCl2, 0.5 mM EDTA, 0.5 M KCl, and 12.5% glycerol, agitated for
30 min, and spun at 14,000 � g for 30 min. All the above steps were
performed at 4°C. The supernatants of each spin contained soluble
proteins. The final pellet was sonicated and heated at 95°C in 10% SDS
solution to reach maximal suspension. Large insoluble debris was re-
moved by a quick spin at 2000 � g. Proteins were quantified using the
BCA Protein Assay Kit (Pierce, Rockford, IL). Identical amounts of
protein were filtered through a cellulose acetate membrane with an
Easy-Titer ELIFA System (Pierce) and fixed to the membrane with a
solution of 0.1% glutaraldehyde in Tris-buffered saline (TBS). The
membranes were washed with TBS, and SDS-insoluble aggregates re-
tained in the filter were detected by incubation with anti-ubiquitin
antibody (1:500) (Chemicon, Temecula, CA), followed by an anti-rabbit
secondary antibody conjugated with horseradish peroxidase (1:5000)
(Chemicon). The signal was developed with the Enhanced Chemolumi-
nescence (ECL) system as described by the manufacturer (NEN Life
Science Products).

In situ hybridization histochemistry
The cDNA for preproenkephalin was generously provided by Dr. S. L.
Sabol (National Institute of Mental Health, Bethesda, MD). The plasmid
containing the cDNA was linearized with SacI (Promega, Madison, WI),
and an 35S-labeled RNA probe was generated (Chesselet et al., 1987). In
situ hybridization was performed on 10 �m fresh-frozen sections as
described (Chesselet et al., 1987). All tissue sections were processed for
film autoradiography with 3H-Hyperfilm (Amersham, Arlington
Heights, IL). Films were digitized with a Hewlett-Packard ScanJet 4c,
and the image was visualized and analyzed with a Power Macintosh 9500
equipped with the public domain NIH Image program version 1.6. Gray
values were converted into optical densities with the help of a standard
curve generated from Kodak autoradiographic standards (Kodak, Roch-
ester, NY). Optical measurements were taken separately for the right
and left dorsolateral striatum. These measurements were averaged to
determine a single value per section. Values obtained in two sections
were averaged for each animal, and the resulting number was used to
calculate the group means.

Stereological studies
The optical dissector method with the following modifications was used
to estimate the total number of neurons in the striatum of knock-in and
wild-type mice (Oorschot, 1996). Briefly, mice were perfused through
the heart with 4% paraformaldehyde and 0.5% glutaraldehyde in 0.1 M
PB, pH 7.2. The brains were removed, postfixed in 4% paraformaldehyde
in 0.1 M PB for 6–8 hr at 4°C, and cryoprotected in 30% sucrose. Sections
through one cerebral hemisphere were cut in a coronal plane with a

Leica CM 1800 cryostat at 40 �m. Sections were stored in cryoprotective
solutions. The first sections containing the striatum were identified, and
the first section to be analyzed was chosen at random from the first 10
sections containing the striatum. This section and every 10th section
(sampling interval) thereafter were stained with 0.5% cresyl violet (Sig-
ma), dehydrated, defatted in xylene, and mounted with Eukitt (Calibrat-
ed Instruments). Sections were digitized (Image-Pro Plus, Media Cyber-
netics, Silver Spring, MD) using a 2� lens (Olympus BX60, Ludl
Electronic Products Ltd., Hawthorne, NY). A grid (squares of 198 � 198
�m) was superimposed on the image of the section, and the final image
was printed out. The printout of each section was used as a guide. The
striatum was outlined, and every sixth intersection of the grid (from
the random starting point) was sampled when it was located within the
outline of the striatum. The frames to be analyzed were localized in the
section with an XYZ programmable motorized stage. For each sampled
area, the number of nuclei ( Q) that came into focus throughout 10 �m
(h) within the thickness of the section and did not fall on the sampling
frame borders was counted. The analysis was done with a 100� lens, and
the frame had an area of 2730 �m (a). The printouts were digitized with
a Hewlett-Packard ScanJet 4c, and the area of the striatum ( A) was
calculated with NIH Image version 1.6. The total volume of the striatum
(Vref) was calculated with the Cavalieri method, whereas the neuronal
density (NV) and finally the total number of neurons were calculated
following the protocols described by Oorschot (1996).

Statistical analysis
Behavioral experiments. Behavioral observations over the 15 min obser-
vation period were expressed as mean � SEM. Data were analyzed by a
three-way ANOVA considering the genotype (wild-type or knock-in),
the age (2, 4, and 6 months of age), and the time (0–5, 5–10, and 10–15
min in the open field) as main factors. Note that separated cohorts of
mice were studied at each age to prevent the confounding effect of
habituation to the open field; therefore, no repeated measures were
performed. When a significant interaction was found ( p � 0.05), a post
hoc Fisher PLSD test was performed for comparisons between groups.

In situ hybridization histochemistry and stereolog ical results. Compari-
sons between the knock-in and wild-type mice were made with an
unpaired two-tailed Student’s t test.

Location of microaggregate-containing cells with respect to the striosomal
compartments. The � 2 goodness-of-fit test was used to determine whether
the areas with intensely labeled cells were randomly distributed in the
striatum.

Three-way ANOVAs were performed by the Mental Retardation Re-
search Center Biostatistical Core at UCLA, and all other analyses were
performed with the StatView Interactive Statistics and Graphics Package
(version 5.0.1, SAS Institute Inc., Cary, NC). In all cases, p � 0.05 was
considered significant.

RESULTS
Behavioral studies
Rearing
As we reported previously (Menalled et al., 2000), knock-in mice
did not show any obvious abnormal behavior, such as clasping or
tremor, up to 2 years of age. The earliest abnormal behavior
observed in the knock-in mice was an increase in rearing activity
during the dark phase of the diurnal cycle, which corresponds to
the time of maximum motor activity in mice (Fig. 1A). A rear was
recorded when the animal lifted up both forelimbs, regardless of
their contact with the wall of the open field. Analysis revealed an
effect of age on the number of rears (ANOVA, F(2,67) � 3.82; p �
0.03) and a strong interaction between age and genotype
(ANOVA, genotype � age, F(2,67) � 6.33; p � 0.003). In contrast
to the marked increase in rearing observed at 2 months, knock-in
mice showed significantly fewer rears than wild-type at 4 months
(Fig. 1A). Furthermore, although wild-type mice displayed a
significant increase in the number of rears at 4 and 6 months
compared with 2 months of age, knock-in mice presented no
significant changes in number of rears as they aged (Fig. 1A).
Comparison of wild-type and knock-in mice during three succes-
sive periods of 5 min in the open field revealed that the increase
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in rears in 2-month-old mice was significant during the first 10
min of observation, indicating that the effects persisted beyond
the initial period of exploration in a novel environment (Fig. 2).

Locomotor activity
The locomotor activity of knock-in and wild-type mice was cal-
culated by measuring the number of lines crossed during the first
15 min in the open field (Fig. 1B). Analysis revealed a strong
effect of genotype (ANOVA, F(2,67) � 10.47; p � 0.002) and a
strong interaction of genotype with age (ANOVA, genotype �
age: F(2,67) � 5.44; p � 0.007). Although no difference was
observed between 2-month-old knock-in and wild-type mice, a
significant decrease in locomotor activity was detected in 4- and
6-month-old knock-in mice compared with age-matched wild
types (Fig. 1B). As for rearing activity, wild types showed an
increased locomotor activity with age, whereas knock-in mice did

not (Fig. 1B). Importantly, the marked decrease in locomotor
activity observed in 4-month-old knock-in mice persisted during
the entire period of observation (Fig. 2). At 6 months, the effect
was more modest and significant only during the first 5 min (Fig. 2).

Grooming
A grooming episode was recorded every time the animal licked,
scratched, or cleaned any body part. The mean number of grooms
in 15 min � SEM in knock-in versus wild-type 2-, 4- or 6-month-
old mice was very similar (6.7 � 1.1 vs 7.3 � 1.1, 8 � 1.5 vs 7.9 �
1.8, 7 � 1.2 vs 12.5 � 2.2, respectively), and three-way ANOVA
did not uncover any significant interactions of genotype, age, or
time.

Levels of enkephalin mRNA in the striatum of
knock-in mice
We have shown previously that striatal neurons of 4-month-old
knock-in mice exhibited decreased levels (47%) of enkephalin
mRNA without significant changes in the level of expression of
mRNAs encoding substance P and glutamic acid decarboxylase
(Mr 67,000, GAD67; Mr 65,000, GAD65) (Menalled et al., 2000).
To determine whether the early behavioral changes in rearing
coincided with or preceded changes in enkephalin mRNA, the
level of expression of enkephalin mRNA was examined in the
striatum of 2-month-old mice, i.e., when early motor anomalies
were detected. Sections were processed for in situ hybridization
histochemistry with a 35S-labeled RNA probe complementary to
preproenkephalin mRNA. Quantitative analysis of film autora-
diograms did not reveal any significant differences in the level of
enkephalin mRNA in the striatum of 2-month-old knock-in ver-
sus wild-type mice (wild-type mice 0.417 � 0.016, knock-in mice
0.395 � 0.026, mean optical density � SEM; n � 7; unpaired
Student’s t test; p � 0.4769).

Stereological studies
Stereological methods were used to estimate the total number of
medium spiny neurons in the striatum of 18- to 26-month-old
knock-in and wild-type mice (Table 1). No significant differences
were detected in the total number of these neurons. However, the
total volume of the striatum of knock-in mice was significantly
reduced compared with wild type. Consequently, the density of
neurons was significantly increased in the striatum of knock-in
mice.

Huntingtin microaggregates
To study the relationship between the appearance of abnormal
behavior and the development of huntingtin microaggregates,
brain sections from mice of different ages were stained with
EM48, an antibody that selectively recognizes aggregated hun-
tingtin (Gutekunst et al., 1999. Li et al., 2000). Only sections at
the level of the striatum (including the overlying cortex) were
examined in detail. Immunostaining with the EM48 antibody was
absent, and huntingtin microaggregates were not detected in the
striatum of wild-type mice at any of the ages examined in this
study (Fig. 3A). In knock-in mice, microaggregates were also
absent at 2 month of age (Fig. 3B). Only very weak cytoplasmic
staining was observed in the striatum of two of six knock-in mice
at this age (data not shown).

At 4 months, great inter-individual variability was observed in
the knock-in mice. Of the five knock-in mice studied, two had
weak or no cytoplasmic staining in the striatum (Fig. 3C). Two
mice displayed small huntingtin-positive punctas, in a few clus-
tered or isolated striatal neurons, together with a very weak

Figure 1. Number of rears (A) and locomotor activity ( B) of 2-, 4-, and
6-month-old wild-type (open bars) and knock-in mice ( filled bars). The
data are the mean � SEM of the total number of rears ( A) and lines
crossed (B) in 15 min (n � 12–13 per group). *p � 0.05, **p � 0.001 when
compared with wild-type mice at the same age; #p � 0.05, ##p � 0.005,
###p � 0.0001 compared with 2-month-old wild-types (ANOVA followed
by Fisher PLSD tests).
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diffuse staining of other striatal cells (Fig. 3D). These punctas
were designated “microaggregates” to distinguish them from the
much larger inclusions described previously in transgenic mice
(Davies et al., 1997). Only one 4-month-old knock-in mouse had
many neurons with microaggregates in the striatum (Fig. 3E). In
contrast, by 6 months of age, large clusters of striatal cells con-
tained numerous nuclear microaggregates in all mice examined
(Fig. 3F). The presence of nuclear huntingtin aggregates in
striatal neurons of the knock-in mice was confirmed by electron-
microscopy (Fig. 4). In contrast to microaggregates, single nuclear
inclusions were not observed in the striatum of knock-in mice
until 18 months of age, and even then they remained fairly small
(data not shown) (Menalled et al., 2000).

No obvious cytoplasmic or neuropil aggregates were observed
in the striatum of 2-, 4-, and 6-month-old knock-in mice. In the
cerebral cortex overlying the striatum, the majority of neurons in

both wild-type and knock-in mice showed weak diffuse cytoplas-
mic staining (Fig. 5A,B). Aside from occasional microaggregates,
similar to those sometimes observed in wild-type mice in this
region, no conspicuous microaggregates were observed in the
cerebral cortex of the 2- to 6-month-old knock-in mice. Similarly,
no microaggregates were observed in the hippocampus at these
ages (data not shown).

It is likely that the microaggregates observed in the nuclei of
striatal neurons correspond to protein aggregates containing hun-
tingtin. To confirm the presence of insoluble protein aggregates
in the brain of the knock-in mice at an age when microaggregates
were observed microscopically, a filter assay was performed on
brain tissue from wild-type and knock-in mice. Trapped proteins
were detected with an anti-ubiquitin antibody because EM48 is
not suitable for use on Western blots (Y. Wu and M.-F. Chesselet,
unpublished observations). Protein aggregates retained by the
filter assay were clearly detected with an anti-ubiquitin antibody
in homogenates from the brain of 7-month-old knock-in mice
(Fig. 6), i.e., when numerous EM 48-positive microaggregates
were found in striatal neurons (Fig. 3F). Interestingly, a slightly
higher signal was observed in brain tissue from 2-month-old
knock-in mice compared with wild-types; however, further stud-
ies are necessary to determine whether this corresponds to a
specific increase in ubiquinated protein aggregates in brain be-
fore the detection of huntingtin microaggregates by light micros-
copy in striatal neurons (Fig. 3B).

Figure 2. Number of rears (top panels) and locomotor activity (bottom panels) of 2-, 4-, and 6-month-old wild-type (E) and knock-in mice (F). Data
are the mean � SEM of the number of rears and lines crossed in three successive 5 min internals in the open field (n � 12–13 per group). *p � 0.05
when compared with corresponding wild-type mice during the same time period.

Table 1. Stereological parameters of the striatum of wild-type and
knock-in mice

Wild type (n � 5) Knock-in (n � 6)

Total neurons 1,303,908 � 72,030 1,346,885 � 87,909
Neuronal density 333,158 � 16,774 400,436 � 14,320*
Volume (mm) 3.914 � 0.191 3.352 � 0.146**

The data are presented as mean � SEM; *p � 0.015 and **p � 0.05.
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Figure 3. High-power photomicrographs of immunostaining with the EM48 antibody in the striatum of a 6-month-old (m.o.) wild-type ( A) and 2- ( B),
4- (C, D, E), and 6- (F) month old knock-in mice (KI ). No or weak cytoplasmic staining was observed in the striatum of wild-type (A) and 2-month-old
knock-in mice (B). Note the substantial inter-animal variability of huntingtin staining at 4 months of age, ranging from animals with no staining (C),
with nuclear microaggregates in isolated cells (D) (arrow), or with numerous cells displaying nuclear microaggregates (E) (arrows). At 6 months of age,
striatal cells contained numerous nuclear microaggregates (F) (arrows). Note that only the nucleus of striatal neurons is immunostained. Scale bar (shown
in F ): 10 �m. High-magnification microphotograph insets in D, E, and F show EM48 immunoreactivity in the nuclei of striatal cells (insets show 3�
magnification of large photomicrograph).
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Striosome-matrix localization of
microaggregate-containing neurons
Surprisingly, when nuclear microaggregates were present, they
were usually not distributed uniformly within the striatum. In the
single 4-month-old mouse with many aggregates and in six of the
seven mice examined at 6 months, most of the aggregate-
containing neurons were grouped in conspicuous clusters (Fig.
7D), particularly in the dorsolateral part of the striatum. These
clusters were surrounded by neurons with many fewer nuclear
microaggregates (Fig. 7C), and only very few isolated neurons
with many microaggregates were observed outside the clusters.
Although individual microaggregates could not be distinguished
at low-power magnification, it was possible to observe clear dif-
ferences in the intensity of labeling that were proportional to the
number of microaggregates seen at higher magnification. The
clusters of densely labeled cells were reminiscent of the size,
shape, and spatial distribution of the striosomal compartment of
the striatum (Graybiel, 1995). To determine whether these in-
tensely labeled clusters corresponded to striosomes, pairs of se-
rially adjacent sections of the striatum were immunostained for
MOR-1 as a marker of striosomes (Fig. 7A,B) or for EM48 (Fig.
7C,D). Neurons with numerous nuclear microaggregates (Fig.
7D) were usually found within the areas of dense MOR-1 staining
(Fig. 7A, arrow, B), whereas areas devoid of MOR-1 staining (Fig.
7A, asterisk) contained cells with very few if any nuclear micro-
aggregates (Fig. 7C).

When areas of cells with intense EM48 staining (i.e., containing
numerous microaggregates) and areas positive for MOR-1 were
compared in serially adjacent sections, it was clear that the ma-
jority overlapped (Fig. 8). Although only 10.16% of the area of
the striatum corresponded to striosomes, 57.90% of the total
surface area of the clusters with densely labeled cells was found
to overlap the striosomes (Table 2) (�2 test; df � 5; �2 � 223.9;
p � 0.001). This indicates that the areas with cells containing
numerous nuclear microaggregates were not distributed ran-
domly in the striatum but were located preferentially in the
striosomal compartment of the striatum.

DISCUSSION
Genetically, knock-in mice provide a more faithful model of the
human disease than transgenics because the mutation is ex-
pressed in the same genomic context as in humans. However,

these models have received less attention than the transgenics
because their phenotype is subtle. This study reports for the first
time robust abnormal motor behaviors in a knock-in mouse
model of HD as early as 2 months of age. The behavioral

Figure 4. Electron micrograph of EM48 immunogold labeling of the
nucleus of a striatal neuron (n) from a 12-month-old knock-in mouse.
Microaggregates are indicated by clusters of immunogold particles (ar-
rows). Diffuse immunogold particles (arrowheads) are also observed. Scale
bar, 0.5 �m.

Figure 5. High-power photomicrographs of EM48 antibody immuno-
staining of the cortex of wild-type (A) and knock-in (B) mice. Note that
only the cytoplasm showed weak staining (arrows) in both cases. Scale bar
(shown in B): 20 �m.

Figure 6. Detergent-resistant aggregates were detected in 7- and 11-
month-old (mo) knock-in (KI ) mice and not in wild-type (WT ) or
2-month-old knock-in mice. Extracts of brain tissue were filtered through
a cellulose acetate membrane, and the membranes were probed with an
anti-ubiquitin antibody as described in Materials and Methods.

8272 J. Neurosci., September 15, 2002, 22(18):8266–8276 Menalled et al. • Motor Anomalies and Aggregates in HD Knock-In Mice



Figure 7. A, Low-power photomicrograph of immunostaining with an MOR-1 antibody in the striatum of a 6-month-old knock-in mouse. Areas positive
for MOR-1 correspond to the striosomal compartment (arrow), whereas immunonegative areas correspond to the matrix compartment (asterisk). The
arrowhead points to the same blood vessel indicated by the arrowhead in B. Scale bar, 100 �m. B, High-power photomicrograph of MOR-1 immunostaining
showing in detail one of the striosomes (arrow) also seen in A at arrow. Scale bar, 10 �m. C, D, High-power photomicrographs of immunostaining with the
EM48 antibody in a serially adjacent section to that shown in A and B. C, Striatal neurons with few nuclear microaggregates were found in the matrix
compartment (area indicated by the asterisk in A). D, Striatal neurons with numerous microaggregates were located in the striosomal compartment shown
in A and B at arrow. Note that only the nucleus of striatal neurons is immunostained. Scale bar (shown in D for C and D): 10 �m.
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phenotype of the knock-in mice was biphasic, evolving from an
increase in repetitive motor behavior to a decrease in locomotor
activity. Nuclear aggregates of the mutated protein were either
absent (2 months) or very rare (4 months) when abnormal behav-
ior was first observed, indicating that they form after a prolonged
phase of neuronal dysfunction. When they first appeared, nuclear
staining and huntingtin aggregates were restricted to the striatum
and predominated in the striosomal compartment, as defined by
the presence of dense expression of �-opioid receptors. Thus,
knock-in models of Huntington’s disease present a motor pheno-
type that precedes regionally specific neuropathology. The pres-
ence of early behavioral anomalies, the slow progression of symp-
toms, and similarities of the regional pathology to that in humans
all suggest that these mice provide an important new model for
studying HD and testing new therapies.

Abnormal motor behavior in knock-in mice
Abnormal motor behavior has been detected in gene carriers of
the HD mutation up to 8 years before the presumed onset of overt

symptoms (Smith et al., 2000). In addition, repetitive, uncon-
trolled movements are often observed before overt symptoms (S.
Perlman, personal communication). Although the knock-in mice
did not display obvious motor symptoms such as hyperactive
turning, tremor, freezing, or clasping up to 2 years of age (Levine
et al., 1999; Menalled et al., 2000), they showed an increase in
repetitive movements at an early age (2 months). This initial
increase in repetitive movements gave way to decreased locomo-
tion at 4 and 6 months. It is unlikely that the decreased locomotor
activity observed in the 4-month-old knock-in mice was caused
solely by increased anxiety (File et al., 1998). Indeed it was
present during the entire observation period and was not limited
to the initial exploration phase during which the effect of anxiety
is more likely to occur. The decreased locomotor activity that we
have observed is reminiscent of the observation, in another line
of mice, of a greater proportion of knock-in than wild-type mice
that remain inactive when their cage is open (Lin et al., 2001).

A shift from hyperkinetic to hypokinetic behavior with age has
also been reported in transgenic models of HD (Davies et al.,
1997; Reddy et al., 1998; Luesse et al., 2001). It is interesting to
note that patients with adult onset HD display dyskinetic move-
ments during early stages but become akinetic later on (Harper,
1996). Furthermore, patients have reduced motor activity despite
chorea, suggesting that hypokinesia is a major component of the
movement disorder in HD (van Vugt et al., 2001). Thus, knock-in
mice display a progressive behavioral phenotype with early onset
and characteristics that are reminiscent of that observed in
humans.

Microaggregates in knock-in mice
The antibody used to detect huntingtin in the present study,
EM48, preferentially recognizes the aggregated form of the pro-
tein (Gutekunst et al., 1999). This offers a distinct advantage over
antibodies that also detect normal huntingtin because very small
aggregates are not obscured by staining for nonaggregated hun-
tingtin. Accordingly, more aggregates are usually detected with
EM48 than with other anti-huntingtin antibodies (Gutekunst et
al., 1999). Despite the use of this highly sensitive antibody, mi-
croaggregates were detected with light microscopy only several
months after the first behavioral symptoms. Because immuno-
blots revealed similar levels of huntingtin as in the wild type, the
absence of microaggregates was not related to lack of protein
(Wu and Chesselet, unpublished observation). Nuclear inclu-
sions, defined as single large round aggregates similar to those
originally described in transgenic R6/2 mice (Davies et al., 1997)

Table 2. Striosome-matrix localization of microaggregate-rich cell
clusters in knock-in mice

Area of striatum (S) (mm2) 2.1346 � 0.1156
Area of striosomes (D) (mm2) 0.2149 � 0.0380
Area of matrix (M � S � D) (mm2) 1.9197 � 0.1194
% of striatum composed of striosomes 10.16 � 1.89
Area of clusters cells with numerous

microaggregates (A) (mm2) 0.0987 � 0.0149
Area of A overlapping striosomes (C) (mm2) 0.0546 � 0.0081
Area of A overlapping M (B � A � C) (mm2) 0.0441 � 0.0079
% of the total area of clusters that overlapped

the striosomes 57.90 � 3.22*

The data are presented as mean � SEM; n � 6. *p � 0.001; �2 test, df � 5, �2 �
223.7.

Figure 8. A, B, Maps showing MOR-1-positive areas (striosomes, repre-
sented as dotted areas) and cell clusters with intense EM48 immunostain-
ing (represented as gray areas) in the striatum of 4-month-old (A) and
6-month-old (B) knock-in mice. Note the correspondence between the
areas occupied by cells with intense EM48 immunostaining and the
striosomes (represented as gray areas with dots). Scale bar, 0.2 mm.
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and human brain (Roizin et al., 1979; DiFiglia et al., 1997), were
present only in mice older than 18 months.

In cell culture, the toxicity of mutated huntingtin was enhanced
when the formation of aggregates was prevented, suggesting that
aggregate formation can be separated from the pathological ef-
fects of the mutation (Saudou et al., 1998). Similarly, SCA1
transgenic mice expressing the mutant ataxin-1 in which the
self-association domain has been deleted develop an abnormal
behavioral and cellular phenotype without ataxin-1 aggregates
(Klement et al., 1998). Therefore, both huntingtin and ataxin-1
with expanded polyglutamine repeats can cause cellular dysfunc-
tion by other means than the formation of aggregates. This was
further supported in our model by the absence of detectable
aggregates in most 4-month-old knock-in mice, an age when we
have observed decreased locomotion and a marked decrease in
enkephalin mRNA (Menalled et al., 2000) as well as an increased
response to the stimulation of NMDA receptors (Levine et al.,
1999). Thus if abnormal protein aggregates form before behav-
ioral symptoms in the brain of mice carrying a knock-in HD
mutation, these must be very subtle because they were not de-
tected with the sensitive EM48 antibody. This raises the issue of
whether prevention of protein aggregation should be a primary
target for treatment.

Despite these clear behavioral and cellular phenotypes, no cell
loss was found in the knock-in mice. This supports the hypothesis
that a prolonged phase of neuronal dysfunction precedes cell
death in HD. Similar to observations in humans and R6/2 trans-
genic mice, striatal volume was decreased, which could be attrib-
uted to loss of neuropil (Vonsattel et al., 1985; Mangiarini et al.,
1996). Indeed, although it is not yet known whether similar
anomalies exist in knock-in mice, we have observed a decrease in
spine density and extent of dendritic field and cross-sectional
areas of striatal and cortical neurons in R6/2 mice (Klapstein et
al., 2001).

Regional distribution of nuclear microaggregates
The knock-in mice showed a remarkable regional selectivity of
neuropathology within the brain, with a selective presence of
nuclear staining and huntingtin aggregates in the striatum, the
area most affected in HD (Vonsattel et al., 1985). The absence of
nuclear aggregates in cortex, in contrast to adult onset HD
(Gutekunst et al., 1999), may be related to the relatively short
(94) CAG repeat length. Indeed, cortical aggregates were ob-
served in lines of knock-in mice carrying 140 (Menalled et al.,
2001) and 150 CAG (Lin et al., 2001).

When nuclear microaggregates were present, they were not
uniformly distributed in the striatum. Clusters of microaggregate-
rich neurons fell within, or in close apposition to, patches of dense
immunostaining for �-opioid receptors identified in serially ad-
jacent sections. This indicates that aggregate-rich neurons are
found primarily in the striosomal compartment, a finding also
reported in humans (Hedreen, 1998). The absence of a perfect
match in 35-�m-thick serially adjacent sections is compatible with
the shape of the striosomal network (Groves et al., 1988; Desban
et al., 1993). It should be pointed out that our study is very
different from a recent study in R6/2 transgenic mice that re-
ported a preferential location of nuclear inclusions stained with
ubiquitin in the matrix compartment (Morton et al., 2000). First,
we focused on microaggregates of huntingtin, which are likely to
represent an earlier form of protein aggregation than ubiquiti-
nated inclusions (Morton et al., 2000). Second, in the transgenic
mice, the striosomes were defined as areas of low-calbindin im-

munoreactivity that include a large area of the dorsolateral stri-
atum, which contains both striosomes and matrix based on
�-opioid staining.

Results of normal huntingtin expression in striatal compart-
ments differ not only between but also within species. Some
studies in humans reported lower levels of huntingtin in strio-
somes than in matrix (Ferrante et al., 1997; Sapp et al., 1997), but
opposite results were found in rats, monkeys, and also humans
(Gutekunst et al., 1995; Kosinski et al., 1997). Moreover, similar
levels of huntingtin were found in both compartments in rats
(Fusco et al., 1999) as well as in mice (Bhide et al., 1996; L. B.
Menalled and M.-F. Chesselet, unpublished observations). Be-
cause our studies were done in mice, it is unlikely that differences
in huntingtin expression in the two compartments played a major
role in the preferential formation of aggregates within striosomal
neurons. Striosomal neurons are born earlier than those in the
matrix, and both compartments have multiple molecular differ-
ences that could contribute to a greater effect of the mutation in
striosomal neurons (Graybiel, 1995). It will be interesting to
determine whether the instability of CAG repeat length detected
in the striatum of knock-in mice (Kennedy and Shelbourne, 2000)
occurs preferentially in the striosomes.

The preferential location of microaggregates in striosomes in
both knock-in mice and humans (Hedreen, 1998) points to im-
portant similarities between this mouse model and the human
disease. Although early neuronal loss has been reported to occur
in the striosomes in postmortem human brain (Hedreen and
Folstein, 1995), most studies have found a preservation of strio-
some areas with a decrease in matrix surface area and cell
number (Ferrante et al., 1987; Seto-Ohshima et al., 1988). Thus
the preferential location of aggregates in striosomes would fur-
ther support a protective role of huntingtin aggregation in HD.
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